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This thesis involves the description and analysis of
circular dichroism (CD) studies on hemoglobin, myoglobin, human
serum albumin, bovine serum albumin and fructose 1,6-bisphosphatase
(FbPase) after modification by different reagents.
The studies show significant changes in the conformation of
the proteins after modification with aspirin and butanedione.
At the same time, they indicate virtually no changes upon treat¬
ment with pyridoxyl 5'-phosphate.
Upon treatment of FbPase with aspirin, the enzyme is
desensitized to inhibition by both its allosteric inhibitor,
adenosine 5'-monophosphate (AMP), and high concentration of its
substrate, fructose 1,6-bisphosphate (FbP).
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Hemoglobin and myoglobin are functionally and structurally
related proteins whose most important utility in animals is the
transportation of oxygen. Myoglobin is a small, globular protein
with about 153 amino acid residues in a single polypeptide chain.
Hemoglobin has four polypeptide chains, which are grouped into
two alpha and two beta chains.
Both hemoglobin and myoglobin contain an iron-porphyrin ring
(heme) per polypeptide chain. This heme group is essential for the
binding of the oxygen molecule. This process is accomplished by an
oxidation-reduction reaction on the iron atom.
Serum albumin is a component of blood plasma which is responsible
for the transportation of fatty acids, bilirubin, etc. in the
body. It is also essential for blood osmotic regulation. It
has a molecular weight of about 69,000 daltons and is usually used
to restore blood volume in patients with blood loss or shock.
Fructose 1,6-bisphosphatase (jbPase (EC3.1.3.11)) was first
discovered by Gomori^ and is known to catalzye the conversion
of fructose 1,6-phosphate into fructose 6-phosphate in
gluconeogenesis^ (Fig. 1). The enzyme requires the presence of
divalent cations for its catalytic activity.^
Circular dichroism (CD) is a technique used to study both the
absolute conformation and the conformational changes of biological
macromolecules under different conditions. The application of CD
to the study of hemoglobin, myoglobin, human and bovine serum
1
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albumin and fructose 1,6-bisphosphatase is discussed in the review
of literature. This research was aimed at elucidating the conforma¬
tions of these proteins after modification with different reagents
such as acetyl salicylic acid (ASA), 2,3-butanedione and pyridoxyl
5'-phosphate.
Fig, 1. Catalytic Conversion of FbP to F-6-P and Inorganic
Phosphate
LITERATURE REVIEW
Theory of Circular Dichroism (CD)
Biological macromolecules exhibit optical properties such as
optical rotatory dispersion (ORD) and circular dichroism (CD). To
be optically active, molecules must possess neither a mirror plane
nor a center of symmetry.
Circular dichroism is a technique which probes the conformation
of biological macromolecules. The term conformation is used to
describe the three-dimensional organization of polypeptide chains.
Any modification of the atomic arrangement in the polypeptide
molecule may be described as a conformational change. While some
spectroscopic probes, e.g. ultraviolet absorbance, can be used to
measure the changes in a limited region of the protein, CD is better
in that it is sensitive to the overall conformation of the protein,
3
and gives information to that effect.
The study of conformation in solutions plays a leading role in
the elucidation of the relationship between the structure and func¬
tion of biological macromolecules. Initially, attempts to establish
the three-dimensional arrangements of macromolecules were hampered
because of inadequate techniques, and therefore all investigations
were restricted to the description of hydrodynamic properties.
However, in the last twenty years, the use of circular dichroism
has helped to detect changes in the periodic arrangements of amino
acid residues, changes in the local environment of the amino acid
3
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residues and changes which follow any interactions at any specific
. 4
site.
Significant and widespread application of CD to the study of
4 5
biological macromolecules has been reported by Beychok, Bayley,
Greenfield and Fasman^ and Chem, Yang and Martinez.^ CD studies on
8 9
myoglobin have been reported by Hoizwarth et al., Breslow et al.,
and Holzwarth and Doty.^^ Holzwarth and Doty found that in the far
ultraviolet region, the helical content of myoglobin is in agreement
with X-ray crystallographic results. Studies on bovine serum
albumin (BSA) have been reported by Legrand and Viennet^^ and Velluz
12 13
and Legrand. Aoki and Foster studied the effect of pH (in
acidic medium) on bovine serum albumin. Studies on hemoglobin (Hb)
14
were done by Javaherian and Beychok.
Circular dichroism is a phenomenon detectable only in the
wavelength interval where absorption occurs. For this reason, the
frequencies and bands of CD spectra can easily be identified. CD
is essentially the study of differential absorption of circularly
polarized light. Circularly polarized light can be left- or right-
handed depending on whether the rotation is clockwise or counter¬
clockwise. For a more complete discussion of CD theory, see reference
15.
Analysis of CD Spectra
In general, two broad approaches are used in the analysis of
CD spectra.
I. The phenomenological approach: In this method the spectra
of complex molecules are analyzed with respect to the sum of
5
specific structures such as a-helices, random coils and 3-pleated
sheets. This procedure compares the experimental spectra of the multi-
component system with those of well characterized structures taken
alone and in simple combinations. Though the method is partially
successful, it has a limitation that is imposed by the variability of
the reference states and by the degree to which it corresponds to the
actual conformations present.
II. The theoretical approach; The knowledge of optical rotatory
theory is used to predict the properties of the proposed structure.
This approach uses the rotational strength as a parameter to compare
the theoretical and experimental data, and emphasizes that it is the
total conformation that determines the optical properties.
Since the study done by Carver on the analysis of CD and
7 17
ORD spectra, many others like Chen ^ a]^. , Greenfield and Fasman,
19
and Baker and Isenberg, to name a few, have done considerable work
in the area. After an examination of various methods of conformational
analysis, including single wavelength comparisons, partial curve
fitting, and complete curve fitting, it was concluded that the pre¬
ferred method for the analysis and interpretation of protein CD
spectra is the method of complete curve fitting. In analyzing the CD
17
spectra of proteins at 208 nm, Greenfield and Fasman used the CD
spectra of poly(L-lysine) in the a-helcal, B-pleated sheet, and
random coil forms. They imposed a condition that the sum of confor¬
mations must be unity and chose the X-ray structure as the standard.
Chen _et al^.^ chose to combine the use of CD data for five different
proteins with their X-ray data as a preferable reference over the
6
polypeptide method used by Greenfield and Fasman. They used a least
squares method to compute the amount of a-helical, 3-sheet and random
18
coil in their set of proteins. Later they introduced the chain length
19
dependent factor. Baker and Isenberg presented a method that employs
integrals over the data and calculates the “-helical, 3-sheet and random
coil content of the protein from such integrals. They attempted to
prove that the method of integrals has an advantage over curve fitting.
With this method helical content is reliable to within 5%, 3-sheet
values are somewhat less reliable and random coils are least reliable.
20
However, Hammond has shown that the integral method is indeed a
least squares fit, the difference being that instead of using the
spectra for calculation they used the integral over the spectra.
For the purpose of this work, however, either method is acceptable
since the focus is on the changes in conformation and not the absolute
conformation.
In this work the phenomenological approach is used to analyze the
CD spectra of different proteins. The secondary structure of protein
molecules can be resolved into three components the “-helical,
the 3-pleated sheet and the random coil. The computer program TGCD*
FOR uses a curve fitting method derived by getting the best fit for
proteins in the wavelength region between 215 - 250 nm using Chen's
data. The analysis of the CD spectra by this method yields the per¬
centages of the components.
Modification of Proteins
Specific modification of amino acid residues in proteins by a
variety of reagents have been reported by many researchers. In
7
this work, three different reagents — — 2,3-butanedione (Diacytal),
pyridoxyl 5'-phosphate, and acetyl salicylic acid (ASA) (aspirin)
were used to modify specific amino acid residues in hemoglobin,
myoglobin, human serum albumin, bovine serum albumin and glycolytic
enz5rme fructose 1,6-bisphosphatase.
Modification by 2,3-Butanedione.—The use of 2,3-butanedione as a
reagent for the modification of arginyl residues in proteins was
21
first reported by Yankeelov ^ ad. Subsequent to this first study,
a series of investigations on arginyl modification had been carried
22
out. Grossberg and Pressman used the reagent to modify arginine
in the active sites of antibodies. In enzymes, arginyl residues
serve as positively charged recognition sites for negatively charged
23
cofactors and substrates. Studies on several enzymes have
demonstrated that arginyl residues interact with negatively charged
phosphate or carboxylate moieties of substrates or cofactors.
24
Riordan ^ a]^. found that modification of about nine glycolytic
enzymes revealed the specificity of 2,3-butanedione for arginine
25 26
residues. Marcus and Riordan found changes in the activities
of specific enzymes. This led to an assumption of conformational
25
changes. Marcus found that treatment of fructose 1,6-
bisphosphatase with 2,3-butanedione led to the loss of two properties
of the enzyme via activation by monovalent cations and inhibition
by AMP.
This study examines the effect of 2,3-butanedione on the
chosen proteins, by looking at their conformational behaviors
8
analyzed via CD.
Modification by Acetyl Salicylic Acid (Aspirin).—Previously studies
27-30
have shown that aspirin acetylates the protein molecule.
28
Hawkins found that there was a permanent alteration of HSA
molecule after treatment with aspirin, which was induced by
30
acetylation of the protein. Studies on hemoglobin not only
confimed the action of aspirin on the protein, but yielded useful
information on the sites of acetylation. It is known that aspirin
31
reacts with the e-amino group of lysine. The tertiary structure
of the HSA molecule reportedly exposes the e-amino group in a way
30
that makes it susceptible to attack by aspirin. Shamsuddin et al.
found that acetyl groups are attached to two lysine residues in the
a-chain and two in the 6-chain of hemoglobin.
Han ^ a]^. have reported that treatment of chicken liver FbPase
32
with aspirin at pH 7.8 desensitizes the enzyme to AMP inhibition.
The procedure was also reported to reduce both enzyme affinity for
the substrate and its sensitivity to high substrate inhibitions.
It is expected that given the structural relationship between
myoblobin and hemoglobin on the one hand, and human and bovine serum
albumin on the other hand, that the reactions will be the same.
Therefore, no further effort was made at this point to detail the
reaction on myoglobin and bovine serum albumin. Research, however,
is in progress in this laboratory to elucidate these reactions.
Modification by Pyrldoxal 5'-Phosphate (PLP).—Treatment of protein
molecules with PLP results in a pyridoxyl phosphate derivative of
9
the protein. Upon examination it was found that this is
due to specific modification of a few e-aminolysyl residues of the
protein.
The PLP reacts with the e-aminolysyl residue of proteins by
forming a schiff's base.
33
Treatment of FbPase by PLP resulted in the formation of
pyridoxyl 5'-phosphate fructose 1,6-bisphosphatase. This product
showed reduced sensitivities to allosteric inhibition by AMP, and
to high substrate inhibition.
EXPERIMENTAL
Materials
Crystalline hemoglobin, myoglobin, human serum albumin, bovine
serum albumin and all the reagents used were purchased from Sigma
Biochemicals, St. Louis, Missouri. Chicken livers were obtained from
day-old chicks obtained from Chick of Dixie, Atlanta, Georgia. Other
chemicals used were of reagent grade.
Buffer solutions were prepared with distilled water with
additions of ethylenediaminetetraacetate (EDTA) to remove traces of
metal ions. This method is more effective than the use of Chelex 100.
EDTA does not show absorption within the region of wavelength under
study.
Methods
Absorption Measurements—Spectrophotometric absorption measurements
were performed with the use of the following instruments: Beckman
ACTA (Clll) spectrophotometer, Cary 17 recording spectrophotometer
and Hitachi 100 - 60 digital ultraviolet-visible (UV-VIS) spectropho-
meter. Heilman suprasil lens quartz cells (1 cm rectangular) were
used. CD spectra measurements were recorded using a Jasco-Durrman
model SS-20 spectropolarimeter. The instrument was constantly
flushed with nitrogen gas, dried by passing it through drierite. The
cells used were Durrum quartz cells with pathlengths of 0.5cm and 1 cm.
Modification of Proteins—The proteins were treated, purified and
assayed as described below.
10
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Treatment by Aspirin; The modification by aspirin was carried
out by incubating the protein (0.5 mg/ml) at 25° in 50 mM Tris-HCl
buffer (pH 8.3) containing 15 mM aspirin and 0.1 mtl EDTA. The control
(untreated) was subjected to identical conditions except in the absence
of aspirin. The incubation lasted for 5 hr. Both the treated and
untreated proteins were dialyzed for 12 hr against 500 vol of 50 mM
Tris-HCl buffer (pH 7.5) (4 buffer changes). Aliquots were then re¬
moved and diluted to the desired concentration before studies.
Treatment by Pyridoxyl 5-Phosphate (PLP); The buffer solution
used and the method of dialysis were identical to that of aspirin.
After 30 min of incubation, a 10 mM solution of NaBH^ was added drop by
drop to reduce the PLP. The reduction is considered complete when the
yellowish color of the solution becomes colorless.
Treatment by 2,3-Butanedione; The modification of protein was
carried out in borate buffer (pH 8.3) which had a 5 mM concentration
of 2,3-butanedione. The untreated protein was subjected to the same
condition but in the absence of butanedione. The incubation lasted
for 4 hr. Both treated and untreated proteins were dialyzed for 6 hr
against 600 vol of 50 mM borate buffer (pH 7.5). Aliquots were re¬
moved and diluted to the desired concentration before use.
Purification of Fructose 1,6-Bisphosphatase: Chicken liver
fructose 1,6-bisphosphatase was purified by the method of Han et al.
36 37
as it was later modified. ’ But to remove the FbP bound to the
enzyme, the solution was adjusted to pH 7.5 and washed with 0.3 M
ammonium sulfate (pH 7.0). The enzyme was precipitated from the
12
eluate with 80% ammonium sulfate by centrifuging the solution for 30
min at 19,000 g. The enzyme was then stored at 4° until used.
Assay of Fructose 1,6-Bisphosphatase: The enzyme was assayed at
25° by measuring the rate of NADP reduction at 340 nm in the presence
of excess phosphoglucose isomerase and glucose-6-P dehydrogenase. The
standard assay mixture (1 ml) contained 50 mM Tris-Hcl (pH 7.5), 0.1
mM EDTA, 0.15 mM NADP, 2 mM MgSO^, 2 units each of phosphoglucose
isomerase and glucose-6-P dehydrogenase, an appropriate amount of
fructose 1,6-bisphosphatase, and various amounts of fructose 1,6-
bisphosphate. The reaction was initiated by addition of the substrate
(fructose 1,6-bisphophate).
Determination of Protein Concentration; The concentration of
38
the proteins was measured by the method of Murphy and Kies. The
method is based on the absorption of protein solutions at 215 nm and
225 nm. This technique is more reliable than that using the 260 -
280 nm region which is based on aromatic residue absorptions. The
concentration is calculated from the equation:
(ABS2j^^ - ABS225) X = Concentration (mg/ml)
The absorbances were taken using Hitachi 100-60 digital UV-VIS and
Beckman ACTA Clll spectrophometers. In each case, either Tris-HCl
or borate buffer was used as the blank.
Conditions for CD Studies: The experimental CD spectra for the
studies on butanedione modification were obtained by adjusting the
pH of both the treated and native protein to pH 6.5, This was
obtained by dialyzing the protein solution for 2 hr in 50 mM of
13
borate buffer (pH 6.5). The studies on aspirin modification did not
need pH adjustment since it was dialyzed with 50 mM Tris-HCl buffer
(pH 7.5).
The temperature was maintained at 23° using a water bath and a
constant temperature cell.
Circular Dichroism Studies; The CD spectra of the proteins were
taken under several experimental conditions. The CD spectra of
modified proteins were taken and compared with those of native proteins.
All spectra were taken in triplicate for the purpose of signal
averaging. The baselines were recorded with appropriate buffer
solutions.
The experimental data were analyzed using a computer program
TGCD written in Fortran IV language on the PDF 11/34 in the Atlanta
University Chemistry Department. The data were expressed in terms of
[0], the mean residue molecular ellipticity versus wavelength (1).
2
The molar ellipticity was expressed in degrees cm per decimole. The
values can be calculated using the equation:
L X C X N-R
where 9 is the observed ellipticity from the experimental spectra,
L is the cell path length, C is the concentration of the protein in
decimole per ml, and N-R is the number of residues in the protein
macromolecule.
The CD spectra were analyzed to find the relative compositions
of the secondary structure of the proteins. The method used was
14
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curve fitting, using the data of Chen ^ a^. ’ To analyze the
experimental spectrum in terms of the percentages (F's), an initial
estimate of the F's is used to generate a theoretical curve. This
curve is then compared, point by point, with the experimental curve and
2
the sum of the squares of the differences (Z6 ), is calculated. The
F's are then varied until the best fit is obtained. The best fit is
2
defined as that point where the sqaure of the differences (Z 6 )
between the experimental curve and the calculated curve is at the
barest minimum. Fig. 2 shows a comparison of an experimental and
calculated spectra of FbPase.
yAYaENSTH-(n»)
"is. 2. C3 soectra showing the experimental and calculated spectra
of native FbPase la the far ultra-violet region ( ,
calculated; , experimental).
RESULTS
Effects of Acetylation on the Conformation of Proteins
Treatment of proteins with aspirin resulted in conformational
changes as indicated in Table 1. The general trend was for the
reduction of the a-helical content of the protein and a subsequent
increase in the random coil. The 3-sheet content was decreased
in both HSA and BSA. No 3-sheet content was found in either
hemoglobin or myoglobin before or after modification.
In HSA, the helical content decreased from 57% to 50% with a
concurrent increase of the random coil from 34% to 42%. For
myoglobin the a-helical content decreased from 67% to 57% while
the random coil increased from 33% to 44%.
However, treatment of FbPase with aspirin showed an anomalous
effect. After acetylation, the a-helical content of the enzyme
decreased from 64% to 42% while the random coil increased from
30% to 51%. The anomaly here was that, while the 3-sheet decreased
in HSA and BSA, it actually increased in FbPase.
Overall, the percentage of a-helix varies inversely with the
random coil, i.e., as the helical structure decreases, the random
coil increases. 3-sheet decreased with a-helix in BSA and HSA and
increased with random coil in FbPase.
Figs. 3-7 compare the CD spectra of the treated versus the
untreated proteins. Table 2 shows the effect of actylation on the
inhibition of the enzyme by high substrate concentration. The
16
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Table 1. Conformational Changes of Various Proteins Before and After
Treatment With Aspirin at pH 6.5 and 23°.
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*Mean deviation of 3 measurements
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Fig. 5. Circular dichroism spectra of HSA-and HSA treated





Fig. 6. Circular dichroism spectrum of BSA and BSA treated with
ASA. (BSA = solid line, BSA and ASA = dashed line).
Fig. 7. Circular dichroism spectrum of FbPase and FbPase treated with
ASA. (FbPase = solid line, FbPase and ASA = dashed line).
Table 2. Effect of Aspirin Treatment on the Inhabition of Chicken Liver FbEase
by High Concentration of Substrate.
Specific Activity (ymole/min/mg)
Concentration of Substrate
Enzyme 30 PM 1000 PM
Native 26.2 8.8
Aspirin Treated 26.4 26.3
24
specific activity of the native enzyme was reduced from 26.22 to
8.8 ymole per min per mg by raising the concentration of the sub¬
strate from 30 yM to 1000 yM. The aspirin-treated enzyme has
virtually no change in activity.
The effect of acetylation on the enzyme sensitivity to AMP
inhibition is demonstrated in Fig. 8. The diagram shows that the
native enzyme (control enzyme) has great susceptibility to AMP
inhibition, while the treated enzyme has virtually lost its
sensitivity. In the presence of 80 yM AMP, the percentage inhibition
observed is about 90% for the native enzyme and zero for the treated
enzyme.
Effects of 2,3-Butanedione on Proteins
Table 3 shows the conformational changes induced in protein
molecules by treatment with butanedione. The table shows an overall
increase of the a-helical content and a subsequent decrease of both
the g-sheet and the random coil.
HSA underwent a net change of about 10% of its a-helical
structure, which was due to a decrease of 3% in its B-sheet
and 7% in its random coil structures. While the trend follows for
the rest of the proteins, the increase in a-helical structure is
less than that found in HSA. The table also shows that the amount
of reduction of g-sheet and random coils in BSA and myoglobin is
less than that found for HSA. The CD spectra of the proteins are
shown in Figs. 9-12. They show larger dichroic effects for the
treated proteins than those observed for the control.
25
Fig. 8. Effect of aspirin treatment on the sensitivity of chicken
liver FbPase to inhibition by AilP.
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Table 3. Conformational Changes of Various Proteins Before and
After Modification by 2,3-Butanedlone at pH 7.5 and
23°.
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Fig. 9. Circular dichroism spectrum of Hb and Hb treated with
ASA. (Hb = solid line, Hb and ASA = dashed line).
?2<
yAVELEN'GTH-Cna)
Fig. 10. Circular dichroism spectrum of Mb and Mb treated with
butanedione. (Mb = solid line, Mb and butanedione = dashed line).
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yAVEL£flGTH-(nfl)
Fig. 11. Circular dichroism spectrum of HSA and HSA treated with
butanedione. (HSA = solid line, HSA and butanedione = dashed line).
30
yAYELEMfCnfl)
Fig. 12. Circular dichroism spectrum of BSA and BSA treated
with butanedione. (BSA = solid line, BSA and butanedione =
dashed line).
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Effects of Pyridoxyl 5’-Phosphate
There are no statistically significant changes observed after
treating the proteins with pyridoxyl 5'-phosphate.
DISCUSSION
The information obtained in this study shows the basic but
definite trend some globular proteins exhibit upon treatment with
some reagents. These proteins show conformational changes upon
reaction with aspirin and butanedione, while pyridoxyl 5'-phosphate
does not change the secondary structure. Since conformational
change is essentially an alteration in the ordered structure of a
polypeptide chain or protein, it is obvious that some reagents such
as aspirin and butanedione induce changes in these spatial
relationships.
When protein molecules are modified, e.g., by addition of a
samll moeity, there is the tendency for a reordering of their
tertiary structures by rearranging the relationship in space. This
could cause a conformational change which could stabilize or
destabilize the a-helical content of the protein. The acetylation
of the e-amino group of lysine residue in proteins causes conforma¬
tional change in the proteins due to the alteration of the basic
teritiary structure. Also, the reaction causes the disruption of
the hydrogen bond by replacing a hydrogen atom with an acetyl group.
This causes a destabilizing effect on the secondary structure, since
the helical stability is dependent to a degree on this hydrogen
bonding. The ultimate effect is the reduction of the a-helical
structure and an increase in the random coil.
32
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The loss of sensitivity to the allosteric inhibitor AMP and
to high substrate concentration which fructose 1,6-bisphosphate
undergoes after treatment with aspirin is possibly due to the
binding of the acetyl group to both the allosteric and high substrate
concentration inhibition binding sites. This occurrence hinders
the binding of AMP and FbP to the enzyme molecule and, therefore,
is the cause of the desensitization. Research is now in progress
to determine whether the acetylation of the e-amino groups of lysine
is responsible for the altered properties in the enzyme after treat¬
ment with aspirin.
Pyridoxyl 5'-phosphate is also known to have the same effect on
FbPase as aspirin does. But the absence of any conformational change
in the proteins after treatment with the reagent should not be
surprising. This could be attributed to the fact that the amino
acid residues modified may be those on the periphery of the
molecule. If the residues modified are not in the position to
induce dissymmetry to the molecule, then no conformational change
will occur. Again, the modification of peripheral residues leaves
the nonpolar R groups undisturbed, thus maintaining the hydrophobic
interaction within the molecule. The conformation of the protein
will be that in which the nonpolar R groups are shielded from
exposure to water.
Butanedione has an opposite effect on the protein molecules
studied to that caused by aspirin. The helical content of proteins
increased after incubation with the reagent. Butanedione modifies
34
the arginyl residues of the protein. Thus, modification eliminates
the positive ion on the arginyl group and eliminates the instability
caused in the helical structure by ion-ion repulsion. With
stabilization of the molecule, the a-helical content decreased.
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